Abstract When one wants to simply estimate tritium breeding ratio (TBR), the TBR may be reduced from a "local" TBR for the breeding zones of a blanket module by multiplying the breeder coverage (= the surface area of effective breeding region / the surface area of the first wall around plasma). When blanket modules are arranged, the gap between neighboring modules and the frames of the modules are regarded as non-breeding zones. On the other hand, neutrons scattered in the non-breeding zones can enter breeding zones, contributing to tritium production. This means that the estimation method mentioned above tends to underestimate TBR. In order to assess the scattering effect quantitatively, we carried out a three-dimensional Monte Carlo N-particle transport MCNP-5 calculation. It was found from the calculation that there is little decrease in TBR for gaps less than 4 cm when the blanket thickness is 70 cm. The result indicates that such a wide allowance of the gap will facilitate access of remote handling equipment for the replacement of blanket modules and improve access of diagnostics.
Introduction
The fusion DEMO reactor for 3 GW fusion power would require annually 125 kg tritium consumption. The current production of tritium in the CANDU fission reactor is assumed to be ∼2 kg/year. Moreover, tritium is a non-stable isotope existing in nature and the half-life of tritium is 12.3 years. Therefore, it is necessary to ensure the self-sufficient production of tritium for fusion DEMO reactors. In order to achieve this goal, non-breeding zones need to be minimized for selfsufficient production of tritium. On the other hand, it is necessary for the gap to cope with a thermal distortion of the blanket during operation and an allowance made for blanket replacement. To withstand electromagnetic (EM) forces, moreover, a sufficient thickness of module frame is necessary. Thus, it is an important trade-off problem to determine an appropriate gap from the points of view of blanket coverage, maintenance, and robust design against EM forces. Systematic study needs to be performed to resolve the "trade-off" issue regarding the dependence of tritium production on the gap. In this paper, blanket study has focused on the assessment of a reasonable gap between blanket modules. Therefore, the nuclear characteristics of neutron transport for the gap between neighboring blanket modules need to be understood for an actual blanket geometry, including the gap and the module casing. The estimation of tritium breeding ratio (TBR) on the gap between neighboring blanket modules has been studied by a three-dimensional (3-D) neutron transport calculation for actual blanket geometry.
Problem in previous TBR estimations
When one wants to simply estimate TBR using simply geometry analysis, the TBR may be reduced from a "local" TBR for the breeding zone of a blanket module by multiplying the breeder coverage (= the surface area of effective breeding region / the surface area of the first wall around plasma).
When blanket modules are arranged, the gap between neighboring modules and the frames of the modules are regarded as non-breeding zones. The nonbreeding zones cannot contribute to tritium production in this method. Based on the methodology, the width of the blanket modules gap was determined to be 0.5 cm or less in the SlimCS DEMO reactor [1] . Certainly, the estimation leads to a pessimistic result because significant parts of neutrons scattered in nonbreeding zones have a possibility of producing tritium in breeding zones. On the other hand, there is a concern that the TBR may not increase as expected because of neutron absorption by Fe of F82H used in the module casing. With increased gap between neighboring blanket modules, moreover, neutron streaming increases. In order to assess the scattering effect quantitatively, we carried out the 3-D neutron transport calculation.
Calculation condition
TBR was calculated with the 3-D Monte Carlo Nparticle transport code MCNP-5
[2] using the nuclear data library ENDF/B-VII [3] . Fig. 1 shows the 3-D MCNP calculation model. The neutronic calculations include the TBR in the blanket modules and neutron flux on the estimation area for neutron streaming, as shown in Fig. 1 . The 3-D calculation was carried out for SlimCS [1] , the conceptual tokamak reactor with low aspect ratio. The major parameters of the reactor are a plasma major radius of 5.5 m and aspect ratio of 2.6. By assuming toroidal axisymmetry, 1/12 sector of the reactor was modeled with reflecting boundaries. The neutron volume source for plasma emitted neutron with the energy of 14.06 MeV. In this study, two types of the blanket concept with reduced activation ferritic steel (RAFM) are estimated: one is a water cooled solid breeder (WCSB) and the other is a helium cooled lithium lead (HCLL) one. Tungsten coating is required on the first wall (FW) surface to suppress erosion by physical sputtering. For that purpose, the surface of the blanket is covered with 0.2 mm-thick tungsten (W). Table 1 shows the blanket conditions in the present calculation.
The calculation model includes a geometrical arrangement of blanket modules of 30 cm, 50 cm or 70 cm in thickness around the plasma without the divertor and ports for simplicity. A typical size of the modules is assumed to be 200 cm in width and 60 cm in height, and a module frame of 2 cm, 4 cm or 6 cm in thickness constitutes the frame of the modules. Moreover, the gap between neighboring blanket modules is assumed to be 0.5 cm, 1 cm, 2 cm, 5 cm or 10 cm. Here, when the frame thickness or the gap width between neighboring blanket modules varies, the thickness and width of both poloidal and toroidal directions are varied uniformly. Here, the breeding zones are modeled to be homogeneous, as shown in Fig. 1 . The WCSB blanket is assumed to be composed of structural material with RAFM, a tritium breeder with Li 2 TiO 3 pebbles, and a neutron multiplier with Be 12 Ti pebbles. The blanket is filled with a mixture of Li 2 TiO 3 pebbles and Be 12 Ti ones [4] . In these materials in the breeding zones, ratio of tritium breeder, multiplier, He for purge-gas and structural material were 10%, 42%, 28% and 20%, respectively. The second blanket concept of the HCLL is based on a liquid metal tritium breeder of LiPb without a neutron multiplier [5] . In these materials in the breeding zones, the ratios of tritium breeder and structural material were 80% and 20%, respectively. The tritium breeders in both blanket concepts are selected to be 90% 6 Li enrichment.
Calculation results

Gap of blanket module
Figs. 2 and 3 show a comparison of the TBR between the previous method (PM) and the actual blanket geometry (AG). In these results, the casing thickness is fixed to be 2 cm. In both blanket concepts based on WCSB and HCLL, TBR increases up to 70 cm in thickness. When the blanket is thick enough, a reduction of TBR due to the gap is suppressed by the effect of neutron scattering. In the case of WCSB, the TBR for blanket thicknesses of 30 cm, 50 cm, and 70 cm are 1.04, 1.18, and 1.21, respectively, when the gap of blanket modules is 0.5 cm. When the gap increases to 5 cm, 
Comparison of TBR reduction, gap vs. casing
Figs. 4 and 5 show a comparison of the TBR when the gap or the casing thickness is changed. In the case of WCSB, the TBR in blanket thicknesses of 30 cm, 50 cm, and 70 cm are 1.02, 1.17, and 1.21, respectively, when the gap and casing thickness of blanket modules is 2 cm. TBR for all cases of 30 cm-, 50 cm-and 70 cmthick blankets decreases to 93 % when the casing thickness increases to 4 cm. In the case of HCLL, the TBR in blanket thicknesses of 30 cm, 50 cm, and 70 cm are 0.93, 1.14, and 1.24, respectively, when the gap and casing thickness of the blanket modules is 2 cm. The TBR for all cases of 30 cm-, 50 cm-, and 70 cm-thick blankets decreases to 92 % when the casing thickness increases to 4 cm. These results indicate that an increase in the blanket casing thickness leads to a serious decrease in TBR. On the other hand, the blanket should be designed to withstand EM forces by disruptions without suffering a vertical displacement event (VDE) in the fusion DEMO reactor. Therefore, the decision of the blanket casing thickness should be made carefully considering such a TBR reduction effect. 
WCSB vs HCLL
A comparison of TBR for WCSB and HCLL is shown in Fig. 6 . Neutrons are more easily slowed down in the WCSB blanket than in the HCLL one because of the existence of water. This explains why WCSB shows comparatively high TBR even for a thin blanket. The comparison clearly indicates that the HCLL blanket needs to be comparatively thick to attain a sufficient TBR. Fig. 7 shows a comparison of the neutron streaming for WCSB and HCLL. As expected, neutron shielding for WCSB is more efficient than that for HCLL. Generally, an increase in the gap leads to an increase in neutron streaming. Fast neutron flux above 100 keV is different by a factor of 5 for WCSB and HCLL with a 4 cm gap. 
Conclusion
Non-breeding zones need to be minimized for the selfsufficient production of tritium. In this context, the gap between neighboring blanket modules should be as small as possible. On the other hand, the gap is necessary in order to cope with a thermal distortion of the blanket during operation and an allowance made for blanket replacement. To withstand EM forces, moreover, a sufficient thickness of module frame is necessary. Thus, it is an important trade-off problem to determine an appropriate gap from the points of view of blanket coverage, maintenance, and robust design against EM forces. In this paper, blanket study has focused on the assessment of a reasonable gap between blanket modules. It is found that the calculation for the actual blanket geometry shows higher TBR than the previous method, indicating little decrease in TBR for gaps less than 4 cm when the blanket thickness is 70 cm. The result indicates that such an allowance of the gap will facilitate access of remote handling systems for the replacement of blanket modules. On the other hand, an increase in the blanket casing thickness leads to a serious decrease in TBR. However, the blanket should be designed to withstand EM forces by disruptions. Therefore, the decision of the blanket casing thickness should be made carefully considering such a TBR reduction effect.
The blanket modules of casing thickness to withstand electromagnetic is a problem. Therefore, in future work, minimization of casing thickness needs to be studied for the self-sufficient production of tritium.
